Animal and human data have suggested that shift work involving circadian disruption may be carcinogenic for humans, but epidemiological evidence for colorectal cancer remains limited. We investigated the association of rotating night shift work and colorectal cancer risk in two prospective female cohorts, the Nurses´Health Study (NHS) and NHS2, with 24 years of follow-up. In total, 190,810 women (NHS = 77,439; NHS2 = 113,371) were included in this analysis, and 1,965 incident colorectal cancer cases (NHS = 1,527; NHS2 = 438) were reported during followup (NHS: 1988, NHS2: 1989 -2013 . We used Cox proportional hazards models adjusted for a wide range of potential confounders. We did not observe an association between rotating night work duration and colorectal cancer risk in these cohorts (NHS: 1-14 years: Hazard Ratio (HR) 1.04, 95% CI: 0.94, 1.16; 15+ years: HR 1.15, 95% CI: 0.95, 1.39; P trend = 0.14 and NHS2: 1-14 years: HR 0.81, 95% CI: 0.66, 0.99; 15+ years: HR 0.96, 95% CI: 0.56, 1.64 and P trend = 0.88). In subsite analysis in NHS, rectal cancer risk increased after long-term (15+ years) rotating night shift work (proximal colon cancer: HR 1.00, 95% CI: 0.75, 1.34, P trend = 0.90; distal colon cancer: HR 1.27, 95% CI: 0.87, 1.85, P trend = 0.32; rectal cancer: HR 1.60, 95% CI: 1.09, 2.34, P trend = 0.02). We found no overall evidence of an association between rotating night shift work and colorectal cancer risk in these two large cohorts of nurses. Risk for rectal cancer significantly increased with shift work duration, suggesting that long-term circadian disruption may play a role in rectal cancer development.
Introduction
In 2007, shift work that involves circadian disruption was classified as a probable human carcinogen based on sufficient experimental data and limited evidence from observational studies that had largely focused on breast cancer. [1] [2] [3] [4] [5] Today, 10 years later, evidence on the effect of shift work on other common tumors, such as colorectal cancer, remains very limited. A few epidemiologic studies have examined the association of shift work with colorectal cancer risk, and evidence is inconclusive. [6] [7] [8] [9] [10] [11] [12] However, the association between shift work and colorectal cancer is biologically plausible. Circadian disruption, sleep deprivation, light induced suppression of melatonin, and lifestyle changes are important mechanisms that have been suggested to explain the possible link between shift work and colorectal cancer risk. 13, 14 Disruption of the circadian clock may lead to deregulation of cell proliferation and mistiming of basic cell functions, such as DNA damage repair. [14] [15] [16] In addition, melatonin-which is often suppressed in night workers-exhibits direct and indirect oncostatic properties specific to colorectal cancer, for example, melatonin can cause growth inhibition of cell lines derived from colon carcinomas in vitro and animal studies. [17] [18] [19] Short sleep duration (a common consequence of night shift work) and a length polymorphism in the PER3 clock gene (a genotype associated with morning chronotype and sleep disorders) have been associated with a higher risk for formation of colorectal adenoma, the precursor lesion to colorectal cancer. 20, 21 However, in a recent report, we found no evidence for an association between night shift work and risk for colorectal adenomas among female nurses. 22 It is unclear if night work that involves circadian disruption plays a role in colorectal carcinogenesis, and if so, which stage of cancer development it influences (i.e., initiation or promotion). It is also possible that similar to other environmental risk factors, the effect of night work might vary depending on the anatomical location of colorectal tumors, although the potential for differential effects of circadian disruption has not been explored in this regard. 23, 24 We have previously reported an increased colorectal cancer risk with long term night shift work (15+ years) in the Nurses' Health study (NHS) with 10 years of follow-up. 8 In the present analysis, we update the previous NHS analysis with twice as much follow-up time and twice as many cases of colorectal cancer; in addition, we evaluate the association between night shift work and colorectal cancer risk in the Nurses' Health Study 2 (NHS2) for the first time. We hypothesized that longer duration of rotating night shift work might be associated with a higher risk of colorectal cancer.
Methods

Study population
The NHS cohort was established in 1976 among 121,701 female US registered nurses, aged 30-55 years, and NHS2 in 1989 among 116,430 female US registered nurses, aged 25-42 years. Since baseline, cohort members have completed biennial mailed questionnaires to update information on potential risk factors for chronic diseases and to identify newly diagnosed cancer cases and other major disease outcomes. Response rates have been ≥90% for every follow-up questionnaire cycle to date. We excluded women with missing birth date, women who died before baseline or were diagnosed with cancer (except nonmelanoma skin cancer), inflammatory bowel disease, ulcerative colitis, Crohn's disease, or familial polyposis syndrome before baseline (NHS: 13,899; NHS2: 2,484) and women with missing shift work information at baseline (NHS: 30,363; NHS2: 575). Therefore, the present analyses included 77,439 women in NHS and 113,371 women in NHS2. Our study was approved by the Institutional Review Boards of the Brigham and Women's Hospital and the Harvard T. H. Chan School of Public Health.
Ascertainment of colorectal cancer
Colorectal cancer cases were defined as having occurred between June 1, 1988 and May 31, 2012 in NHS and between June 1, 1989 and May 31, 2013 in NHS2. In both cohorts, self-reported diagnoses of colorectal cancer were obtained on biennial questionnaires, and participants who reported a diagnosis of colorectal cancer were asked for permission to acquire their medical records and pathological reports. We identified deaths through the National Death Index and next of kin. For all colorectal cancer deaths, we requested permission from next of kin to review medical records. A study physician, blinded to shift work information, reviewed records to confirm the colorectal cancer diagnosis and to extract relevant information, including anatomical location, stage, and histological type of the cancer. In the main analyses, all histological types of colorectal cancer were included (epithelial, carcinoids, nonepithelial, e.g., leiomyosarcoma) to preserve power. Sensitivity analyses were restricted to nonsquamous epithelial malignancies and results were unchanged (data not shown). Colorectal cancer and subsites (e.g., proximal colon, distal colon, or rectum) were defined according to the International Classification of Diseases, Ninth Revision (ICD-9). Right or proximal colon cancers were defined as those from the cecum to and including the splenic flexure. Distal colon cancers were defined as those in the descending and sigmoid colon. Rectal cancers were defined as those in the rectosigmoid or rectum. In NHS, 675 right/proximal colon cases, 363 left/distal colon cases, and 303 rectum cases were reported. The specific cancer subsite was unknown or missing in 186 cases.
Shift work assessment
In 1988, NHS participants were asked how many years in total they had worked rotating night shifts, which was defined as "at least 3 nights per month in addition to days or evenings in that month," Women responded in eight prespecified categories, which largely reflected life-time history of rotating night shift work (the majority was close to retirement age): never, 1-2 years, 3-5 years, 6-9 years, 10-14 years, 15-19 years, 20-29 years, and 30+ years. NHS2 participants were asked about their rotating shift work history in 1989 (when they were much younger) in the same categories, except the top category was 20+ years. In contrast to the NHS cohort, in NHS2 shift work information was updated (question about the total number of months having worked rotating night What's new? Night shift work is associated with circadian rhythm disruption, sleep deprivation, and lifestyle changes. Circadian disruption in particular can lead to the deregulation of basic cellular functions, including DNA damage repair, and thus is potentially carcinogenic in humans. In the present study, involving two large prospective cohorts of nurses, no overall evidence of an association was detected between rotating night shift work and colorectal cancer risk. Risk for rectal cancer increased significantly, however, with long-term rotating night shift work, lasting 15 or more years, suggesting that long-term circadian disruption may play a role in rectal cancer development. To estimate the total duration of shift work, the midpoint of the chosen response category was assigned to each participant, except for the highest category of exposure where the lower bound of duration was conservatively assigned. These values were summed up to estimate the total duration of shift work through disease diagnosis, death, or end of follow-up. If a participant did not respond to one of the shift work questions, her previous cumulative duration was carried forward once (zero years were assigned for that particular cycle). Of those asked about current shift-work exposure in 2007, only 8% were still working rotating night shifts. Therefore, for 2009 and subsequent cycles in which shift-work duration was not assessed, zero shift work was assumed. We assessed total shift work duration across the following groups: never, 1-2 years, 3-4 years, 5-9 years, 10-14 years, 15-19 years, 20-29 years, and 30 or more years in NHS; never, 1-2 years, 3-4 years, 5-9 years, 10-14 years, and 15 or more years in NHS2. In NHS2 for the category of 15 or more years of rotating night-shift work, we conservatively used 20 years because this category was the combination of 15-19, 20-29, and 30 or more years. We additionally collapsed years spent working on rotating night shifts into three categories (never, 1-14 years, and 15 or more years) to compare these results with our previously published report. 8 We used Cox proportional hazard models, with age in months and 2 year questionnaire cycles as the time-scale, to estimate the hazard ratios (HRs) and 95% confidence intervals of colorectal cancer for each shift work duration category, compared to those who never worked night shift work. We calculated p values for trend (Wald statistic) based on the median of the original categories of shift work duration (NHS: 1-2 years, 3-4 years, 5-9 years, 10-14 years, 15-19 years, 20-29 years, and 30 or more years, NHS2: never, 1-2 years, 3-4 years, 5-9 years, 10-14 years, and 15 or more years. Models were adjusted for known and suspected risk factors for colorectal cancer. We considered a wide range of known or suspected risk factors for colorectal cancer in our multivariable models that are summarized in Table 1 . Because assessments of shift-work exposure differed by cohort (i.e., not updated in NHS; updated in NHS2), models are presented separately for each cohort. The proportional hazards assumption was tested by adding the interaction terms of shift work with follow-up time in both cohorts.
Statistical analysis
In NHS only, secondary analyses were performed where power was sufficient; they were not performed in NHS2 given very limited power in that cohort. First, we estimated relative risks separately for each anatomical subsite of colorectal cancer (proximal colon, distal colon, and rectum). Second, in stratified analysis, we assessed whether results varied by BMI (<25, 25-29, ≥30) and smoking status (never, current, and past smokers). To test for statistical interaction by categories of BMI and smoking status, we included multiplicative interaction terms in multivariate models. The p value for interaction was calculated using the loglikelihood ratio test, which compares the models with and without the interaction term of interest. All statistical analyses were performed using SAS software, version 9.1.3 (SAS Institute, Inc., Cary, North NC), and all statistical tests were two-sided.
Results
We documented 1,965 new colorectal cancer cases (1,527 in NHS and 438 in NHS II) during 24 years of follow-up. In both cohorts, women with longer duration of shift work were older, had a greater BMI, and were more likely to smoke (with more pack-years of smoking), but they reported lower alcohol consumption and higher levels of physical activity, compared to never shift workers (Table 1) . Long-term night shift workers were more likely to have a lower educational level or a husband with a lower educational level compared to day workers, while no significant differences were observed in reported dietary habits known to predict colorectal cancer risk, such as folate, fiber, and red meat consumption.
In age-adjusted analyses, colorectal cancer risk increased with increasing years of rotating night shift work in NHS (p-trend = .04), but this was no longer significant after adjusting for additional potential confounders (p-trend = .14) ( Table 2 ). Compared to women who never worked rotating night shifts, we found an increase in colorectal cancer risk after long-term (20+ years) exposure to night shift work in the age-adjusted models (20-29 years: HR 1.34 95%, CI: 1.02, 1.76; 30+ years: 1.21 95%, CI: 0.87, 1.68), which was attenuated and no longer statistically significant in the fully adjusted models (20-29 years: HR 1.26 95%, CI: 0.96, 1.65; 30+ years: 1.17 95%, CI: 0.84, 1.63). In NHS2, we observed no association between rotating night shift work and colorectal cancer risk, with both shift work history at baseline Table 3 ). The interaction of shift work with follow-up time period was not statistically significant for either cohort group (data not shown).
In subsite analysis in the NHS, we observed that risks associated with long-term night shift work (15+ years) tended to increase toward the distal parts of the colon and were highest for rectum cancer (proximal colon: HR 1.00; 95% CI: 0.75-1.34, (Table 4) . In secondary analysis, we did not observe effect modification of the associations between rotating night-shift work history and colorectal cancer by BMI or smoking status (results not shown).
Discussion
We found no evidence of an overall association between rotating night shift work and colorectal cancer risk in these two large cohorts of nurses. However, there was a suggestion that longer durations of shift work (15+ years) were associated with a higher risk of rectal cancer specifically. These findings suggest that long-term circadian disruption may play a role in colorectal cancer development at specific subsites.
Results of the updated analysis of the NHS cohort, although mostly positive in direction, were attenuated and no longer statistically significant, compared to our previous report suggesting a positive association between long durations (15+ years) of night work and colorectal cancer risk. 8 Potential explanations for this attenuated risk include: (i) the older age of women in the NHS at baseline and the addition of 14 years of follow-up, where we may have captured mostly postretirement time, and probably only a few more years of rotating night shift work; (ii) the influence of the healthy worker effect, as subjects that are more susceptible to the symptoms caused by circadian disruption may have dropped out of shift work; and (iii) the possibility that women recover from the negative effects of circadian disruption after retirement especially after longer periods off of shift work. A similar pattern of increased risk during the first half of follow-up and decreased risk over the second half was also observed for breast cancer and coronary heart disease in this cohort. 25, 26 In the younger and mostly premenopausal, NHS2 cohort no overall association was observed with shift work history. Exposure assessment in this cohort captured earlier career stages of the nurses and was updated throughout follow-up, therefore was improved compared to NHS. However, due to the participants younger age, less than 20 cases had experienced 15+ years of rotating night shift work in our analyses of the NHS2 cohort, and therefore power was limited in the analysis of longer shift work durations.
Our results are in line with some, but not all, previous studies of shift work and colorectal cancer. In a recent population-based case-control study in Spain (including 1,626 colorectal cancer cases), long-term rotating night-shift work was associated with an increased colorectal cancer risk among men, but not women. 6 In a another case-control study in Canada only including men (439 colon cancer cases, MET-hr/week), smoking status (never smoker, current smoker, past smoker), colonoscopy/sigmoidoscopy in the previous 2 years (yes, no), current regular aspirin or NSAIDS use (>2 tablets/week), daily energy intake (kcal/day), red or processed meat (servings/day) and folate consumption (ug/day) in quintiles.
236 rectum cancer cases) a higher risk for colon and rectum cancer was reported after permanent night shift work, 7 whereas in a recent case-control study among Australian women (350 colorectal cancer cases) no association was described.
11 A population based record-linkage study showed no association between shift work and colorectal cancer in both sexes, although the potential for exposure misclassification was high. 9 Finally, an earlier female cohort of radio and telegraph operators had shown a nonsignificant increase in risk for colon cancer after evening or night shifts. 10 Our study included only women and results from previous studies seem to be more suggestive for a positive association between night work and colorectal cancer among men. Reproductive and hormonal differences may explain some of the sex differences since exogenous estrogens seem to protect women against colorectal cancer. 27, 28 Alternatively, women might have better coping mechanisms and sleep hygiene, or may adhere more frequently to screening programs compared to men. It is likely that job types are different for the two sexes, and thus shift patterns and other job-specific exposures may vary. In addition, night shift work definitions (e.g., permanent vs. rotating) and metrics (e.g., ever/never, duration, frequency of night shift work) used to quantify circadian disruption vary largely across studies. 29 Our exposure definition included rotating night shift work schedules with at least 3 nights per month and we assessed cumulative night shift work duration in years. However, recent evidence suggests that other exposure metrics such as shift work frequency (nights/month or number of consecutive nights) and length (hours/day) may also predict breast cancer risk in addition to cumulative lifetime duration (years). 30 Our study lacked information on shift work frequency and length but these metrics should be considered in future studies.
In subsite analyses in the NHS, we found evidence that risk increased toward the distal parts of the colon, and was highest Table 2 . 3 p-trend was calculated using the midpoint of each category of rotating shift work duration in years (1-4, 5-9, 10-14, 15+). 4 Categories of shift work duration (Never, 1-14 years, 15+ years) were used to compare with our previously published results.
(60% increase) for rectal cancer. This is a novel finding, which is partly in line with prior evidence supporting a differential etiology between colon and rectum cancer. 23, 24 Increasing evidence supports variation in pathological characteristics of colorectal cancers along the colorectal segments due to different embryonic origins, but also due to exposure to bowel contents (including microbiota) and host immune response. [31] [32] [33] [34] Further, the colon and rectum serve different functions, and are exposed to fecal matter for different durations and at different times of the day; thus, circadian disruption and mistimed meals (e.g., nighttime snacks) in night workers could shift the timing of bowel movements, impacting the distal bowel the most as more undigested matter travels through the distal parts of the colon and rectum. In addition, it has been suggested that cancers arising in the distal colon and rectum begin as adenomatous polyps, whereas a de novo pathway is more important in lesions that arise in the proximal colon. 35 However, we recently found no association between night shift work and colorectal adenomas-a precursor for most colorectal cancers that can be detected by screening. Still, it is possible that shift work does not act as a cancer initiator (e.g., adenoma formation), but may have more downstream effects as a cancer promoter. Finally, the observed difference between colon and rectum cancer might be a result of differential screening. Colonoscopic polypectomy may reduce subsequent colorectal cancer incidence by at least 66%. [36] [37] [38] Flexible sigmoidoscopy, the routine screening method in the United States (recommended every 5 years in adults >50 years), examines the lower half of the colon lumen and, thus, reduces cancer incidence only in the distal colon and rectum. 39, 40 If shift work status influences adherence to sigmoidoscopy (e.g., day workers are more likely to adhere to it compared to night workers), then this would influence their subsequent rectum and distal colon cancer risk. 41 However, in this cohort colorectal cancer screening practices (including sigmoidoscopy) were similar between night and day workers at baseline and during follow up. 42 Our study has several limitations. First, night shift work was assessed by questionnaire, which might have resulted in nondifferential exposure misclassification and could have biased our results toward the null. Specifically, given our definition of night shift work (3 or more nights per month, in addition to other day/evening shifts in that month), it is possible that a nurse who worked permanent night shifts may have Categories of shift work duration (Never, 1-14 years, 15+ years) were used to compare with our previously published results. 5 The numbers of colon and rectal cancers may not be equal to total number of colorectal cancers because, in some cases, the specific cancer site was unknown.
classified herself not as a rotating night shift worker. Further, we were not able to compare different intensities or patterns of night-shift work since we have no information on the actual number of nights worked per month. In addition, in the NHS, cumulative (lifetime) shift work history (in years) was assessed only once at baseline (1988) . Therefore, we do not know the specific work schedule of nurses after 1988 and if there were any changes (e.g., continuing, starting, or quitting rotating night shift work). Thus, we were able to assess the cumulative years of rotating night shift work exposure from the beginning to approximately the middle of the nurses' working life in NHS and may have underestimated total life exposure, which could have biased our results toward the null. In addition, women with missing information on rotating night shift work at baseline were excluded from the analysis, another potential source of bias, which likely would have led to an underestimate of the actual risk. By contrast, in NHS2, shift work history was assessed first at an earlier stage of a woman's work life and subsequently updated every 2 years throughout follow up, which allowed for a more accurate estimation of the total years of rotating night shift work history capturing all career stages. Our study included female nurses, and results may not fully apply to men. Still, the NHS and NHS2 are among the largest prospective studies available for evaluating the association between night shift work and colorectal cancer. These studies are unique, in that, they prospectively assess shift work and a wide range of well-known and suspected risk factors for colorectal cancer development, which might confound the described associations.
In conclusion, we found no evidence of an overall association between rotating night shift work and colorectal cancer risk in these two large cohorts of female nurses. Yet, risk for rectal cancer significantly increased with shift work duration. Taken together, these findings suggest that long-term circadian disruption may play a role in rectal cancer development.
